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Abstract 

In the Minimal Supersymmetric Standard Model (MSSM) we calculate the cor¬ 
rections to neutral GP-even Higgs-boson production in the IPVP-fusion and Higgs- 
strahlung channel, e+e“ —> uv {h, H}, at a future Linear Collider, taking into account 
all 0(a) corrections arising from loops of fermions and sfermions. For the produc¬ 
tion of the lightest MSSM Higgs boson, h, we hnd genuine loop corrections (beyond 
the universal Higgs propagator corrections) of up to —5%. For the heavy CP-even 
neutral Higgs boson, H, which shows decoupling behavior at tree level, we find non- 
negligible corrections that can enhance the cross section considerably in parts of the 
MSSM parameter space. At a center-of-mass energy of = 1000 GeV, heavy CP- 
even Higgs-boson masses of up to Mh < 700 GeV are accessible at the Linear Collider 
in favorable regions of the MSSM parameter space. 
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1 Introduction 


Disentangling the origin of electroweak symmetry breaking is one of the main tasks of the 
current and next generation of colliders. The prime candidate is a Higgs mechanism with 
elementary scalar particles below the TeV scale. Within the electroweak Standard Model 
(SM) the minimal version of the Higgs mechanism is implemented, i.e. one doublet of complex 
scalar fields giving rise to one physical Higgs boson. On the other hand, theories based 
on Supersymmetry (SUSY) [T] are widely considered as the theoretically most appealing 
extension of the SM. Contrary to the SM, two Higgs doublets are required in the minimal 
realization, resulting in hve physical Higgs bosons j2]. The Higgs sector of the Minimal 
Supersymmetric Standard Model (MSSM) can be expressed at lowest order in terms of Mz, 
Ma (the mass of the CP-odd Higgs boson), and tan/? = V 2 /V 1 , the ratio of the two vacuum 
expectation values. While the discovery of one light Higgs boson might well be compatible 
with the predictions both of the SM and the MSSM, the discovery of one or more other 
heavy Higgs boson would be a clear and unambiguous signal for physics beyond the SM. 

In the decoupling limit, i.e. for Ma ^ 200 GeV, the heavy MSSM Higgs bosons are nearly 
degenerate in mass, Ma ~ Mh ~ Mh±- The couplings of the neutral Higgs bosons to SM 
gauge bosons are proportional to 


VVh ~ VHA ~ sin(/3 - a ), 
VVH ~ VhA ~ cos(;3 - a ), 


(U = Z, W^) 


( 1 ) 


where a is the angle that diagonalizes the CP-even Higgs sector. In the decoupling limit one 
hnds /? — a —>• 7r/2, i.e. sin(/? — a) —>• 1, cos(/? — a) ^ 0. 

At the LC, the possible channels for neutral Higgs-boson production are the production 
via Z-boson exchange, 

e*e-^ Z’^ A{h,H} , 

and the lUIU-fusion channel, 

e+e- ^ VAV+ z/eW ^ H} . (3) 


As a consequence of the coupling structure, in the decoupling limit the heavy Higgs boson 
can only be produced in {H, A) pairs. This limits the LC reach to Mh < Higher-order 

corrections to the WW —> H channel from loops of fermions and sfermions, however, involve 
potentially large contributions from the top and bottom Yukawa couplings and could thus 
signihcantly affect the decoupling behavior. 

In this paper we have evaluated the one-loop corrections of fermions and sfermions to the 
process e+e“ —> Vv {h, if}, i.e. to the production of a neutral CP-even Higgs boson in associ¬ 
ation with a neutrino pair both via the lUIU-fusion and the Higgs-strahlung mechanism. In 
the latter case the Z boson is connected to a neutrino pair, e’''e“ — Z{h, Tf} —>■ H}, 

with I = e, fi,T (where the latter two neutrinos result in an indistinguishable final state in 
the detector). Our results have been derived using the packages FeynArts, FormCalc, and 
Loop Tools w 

While the well-known universal Higgs-boson propagator corrections turned out not to 
signihcantly modify the decoupling behavior of the heavy CP-even Higgs boson, an analysis 
of the process-specihc contributions to the WWH vertex has been missing so far. Taking 
into account all loop and counter-term contributions to the process —>■ vv {h,H} from 
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fermions and sfermions and including also the effects of beam polarization in our analysis, we 
investigate in this paper the LC reach for the heavy CP-even Higgs boson. We have obtained 
results for values of the MSSM parameters according to the four benchmark scenarios dehned 
in Ref. j3] . While within these benchmark scenarios we hnd that the loop corrections do not 
signihcantly enhance the LC reach for heavy CP-even Higgs boson production and in some 
cases even slightly reduce the accessible parameter space, we have also investigated MSSM 
parameter regions where the loop effects do in fact lead to a signihcant improvement of the 
LC reach. In “favorable” MSSM parameter regions an e’''e“ LC running at y/s = 1 TeV can 
be capable of producing a heavy CP-even Higgs boson with a mass up to Mh < 700 GeV. 

Concerning the production of the light CP-even Higgs boson, an accurate prediction of 
the production cross section for precision analyses will be necessary. Aiming for analyses at 
the percent level [HI also requires a prediction of the production cross section in this range of 
precision. Besides the already known universal Higgs propagator corrections, in particular 
loops from fermions and sfermions (especially from the third family) are expected to give 
relevant contributions. We analyze our results for the parameters of the four benchmark 
scenarios dehned in Ref. [S] and study the results as a function of different SUSY parameters. 
We discuss the relative importance of the fermion- and the sfermion-loop contributions and 
furthermore evaluate the fermion-loop correction within the SM for comparison purposes. 

Electroweak loop effects on processes within the MSSM where a single Higgs boson is 
produced have recently drawn considerable interest in the literature, and we compare our 
results to existing ones where there is overlap. Within the SM, the tree-level results for 
Higgs-boson production in the WW-fusion channel are available for several years already [3 
IH]. On the other hand, evaluating the full one-loop corrections within the SM has been 
attempted only very recently [Hj. In the MSSM, corrections from third-generation fermions 
and sfermions to e’''e“ vvh have been presented in Ref. PI- Production of the heavy 
CP-even Higgs boson has only been considered in Ref. PI for small values of M^, where the 
heavy CP-even Higgs boson has SM-like couplings, while the decoupling region has not been 
investigated. We have compared our results for the production of the light CP-even Higgs 
boson (restricted to the corrections from the third generation only) with the ones given in 
Ref. |T^ and hnd signihcant deviations. While the authors of Ref. hnd large corrections 
from the loops of third generation fermions both in the SM and in the MSSM, the correction 
from this class of diagrams in our result turns out to be much smaller and does not exceed 
± 2 %. 

Electroweak loop ehects have also been evaluated for other processes with single Higgs- 
boson production within the MSSM. The process e’''e“ —> r'et'eA has been evaluated at 
the full one-loop level in Ref. im, where the cross section has been found to be too small 
for A detection at the LC via this channel. The results for the Higgs-strahlung process, 
Z* — Z{h,H}, and the associated production, —>• Z* —>• A{h,H}, containing 

the complete one-loop contributions and the leading two-loop corrections entering via Higgs- 
boson propagators, have been given in Ref. ^2] • The two-loop corrections have been found to 
yield corrections at the 5-10% level. As explained above, these processes are not suitable for 
heavy Higgs boson production with Ma > y/s/2. Furthermore, the production of a charged 
Higgs boson in association with a W boson has been evaluated, including the full one-loop 
corrections nsuni. It has been found that this channel possesses only a small potential for 
charged Higgs boson production with Mh± > \/s/2. 

The rest of the paper is organized as follows: In Sect. Elwe review the necessary features 
of the MSSM Higgs sector. Details about the calculation are presented in Sect. El The 
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numerical analysis for light and heavy CP-even Higgs boson production, the corresponding 
SM result, and the comparison with existing results can be found in Sect. El We conclude 
with Sect. El 


2 The MSSM Higgs sector 


At the tree level the mass matrix of the neutral CP-even Higgs bosons in the 0i, 02 basis can 
be expressed in terms of M^, Ma (the mass of the CP-odd Higgs boson), and tan/3 = V 2 /V 1 , 
the ratio of the two vacuum expectation values, as follows 12]: 


/l/ 2 ,tree 


."^0102 "^02 ) 

Ma sin^ (3 + M| cos^ (3 — {Ma + M|) sin (3 cos (3 \ 

-{M\ +Ml) sin (3 cos (3 Ml cos^ /3 -F M| sin^ (3 ) ' 


( 4 ) 


Transforming to the mass-eigenstate basis yields 


1^2,tree 
^'^Higgs 


0 \ 

0 ml J 


( 5 ) 


mh and mj/ being the tree-level masses of the neutral CP-even Higgs bosons and 



/ cos a sin a 
y— sin a cos a 



The mixing angle a is related to tan (3 and Ma by 


tan 2a 


tan 2/3 


Ml + Ml 
Ml-Ml' 


TT 


< a < 0. 


( 6 ) 

(7) 


In the Feynman-diagrammatic approach, the higher-order-corrected masses of the two 
CP-even Higgs bosons, M^ and Mh^ are derived beyond tree level by determining the poles 
of the /i-P-propagator matrix whose inverse is given by 


Higgs) 



t,H{q^) q^-ml + t,{q^)J' 


( 8 ) 


where the S denote the renormalized Higgs-boson self-energies. Determining the poles of 
the matrix Aniggs in Eq. (ISj) is equivalent to solving the equation 


q^ - rnl + Ehhiq^) q^-mj^ + Ej 


-HH{q ) 

The renormalized Higgs-boson self-energies are given by 
tHH{q^) = T.HH{q^) + SZuiq^ - mjj) - 5m]j , 
'^hH{q^) = Z^hniq^) + -^^ZHh{q^ — nr^) -|- -SZhniq^ 
Shh(g^) = Z,hh{q‘^) + 3Zh{q^ - ml) - 5ml. 


^hH{q^) 


^ 2 


= 0. 




5m 


(9) 


hH ) 


( 10 ) 
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The mass counter terms arise from the renormalization of the Higgs potential, see Ref. ng. 
They are evaluated in the on-shell renormalization scheme. The held-renormalization con¬ 
stants can be obtained in the MS scheme,^ leading to 


SZh = - [ReE'„„(m?,)] 
= - [ReEUrnl)] 

sin a cos a 

oZhH = -- [OZh 

cos 2a 

^Znh = SZfiH, 


div 


div 


6Z 


H 


( 11 ) 


i.e. only the divergent parts of the renormalization constants in Eqs. (ED are taken into 
account. As renormalization scale we have chosen = m*. 


3 The process e^e ^ {h^ H} 

3.1 The tree-level process 

The tree-level process j71IH] consists of the two diagrams shown in Fig. ^ Besides the WW- 
fusion contribution (left diagram), we also take into account the Higgs-strahlung contribution 
(right diagram), where a virtual Z boson is connected to two electron neutrinos. 



Figure 1: The tree-level diagrams for the process e’''e —>■ uu {h, H}, consisting of the WW- 
fusion contribution (left) and the Higgs-strahlung contribution (right). 


An analytical expression for the tree-level cross section for an SM Higgs boson can be 
found e.g. in Ref. in|. For relatively low energies and moderate values of the SM Higgs- 
boson mass (a/s < 400 GeV, < 200 GeV) the resonant production via the Higgs- 

strahlung contribution dominates over the IFlT-fusion contribution. At higher energies, 
however, the IFlF-fusion contribution becomes dominant. The cross section, containing 
both contributions, in the high-energy limit takes the simple form jH] 


nee 




smJ 




4^ 


TT"’ 


1 + 




log 


Ml 

-nSM 


-2 1 - 




( 12 ) 


where the t-channel contribution from the H^H^-fusion diagram gives rise to the logarithmic 
increase. For our numerical results we use the full MSSM tree-level matrix element, see 
Sect. Id.41 

^Our results have been obtained using Dimensional Reduction (DRED) |lb|. 
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The coefficients for the couplings WWh and WWH are denoted by and T^^ at the 
tree level, respectively (and analogously for the ZZh and ZZH couplings): 


r 

r 


(0) _ 

ieMw 

sin(/? — 

a) , 

h 

Sw 

(0) _ 

ieMw 

cos(/? — 

a). 

H 

Sw 


(13) 

(14) 


The SM coupling T^^^^ is obtained by dropping the SUSY factors sin(/9 — a) or cos{(3 — a). 
In the decoupling limit, Ma > 200 GeV, (3 — a —> 7i/2, so that sin(/? — a) —»• 1 and 
cos(/9 — a) —>• 0, i.e. the heavy neutral CP-even Higgs boson decouples from the W and 
Z bosons. 

We parametrize the Born matrix element by the Fermi constant, Gp, i-e. we use the 
relation 


e = 2 sw Mw 


V2Gf 

1 -|- Ar 


( 15 ) 


where Ar incorporates higher-order corrections, see Sect. 13.21 


3.2 Higher-order corrections 


In the description of our calculation below we will mainly concentrate on the lUIU-fusion 
contribution. The Higgs-strahlung contribution, which we describe in less detail, is taken 
into account in exactly the same way (see, however. Sect. HI- 

We evaluate the one-loop 0{a) contributions from loops involving all fermions and 
sfermions. Especially the corrections involving third-generation fermions and sfermions, 
i.e. t,6, r, and their corresponding superpartners, fei,& 2 , 'ri,f 2 , are expected 

to be sizable, since they contain potentially large Yukawa couplings, yt, yb, yr, where the 
down-type couplings can be enhanced in the MSSM for large values of tan [3. This class of 
diagrams in particular contains contributions enhanced by rn^/M^. 

The contributions involve corrections to the WW{h, H} vertex and the corresponding 
counter-term diagram, shown in Fig. |21 corrections to the IF-boson propagators and the 
corresponding counter terms, shown in Fig. El and the counter-term contributions to the 
eUeW vertex as shown in Fig. E) Furthermore, Higgs propagator corrections enter via the 
wave-function normalization of the external Higgs boson, see Sect. 13.31 below. There are also 
lU-boson propagator corrections inducing a transition from the to either G^ or 
These corrections affect only the longitudinal part of the W boson, however, and are thus 
oc rrie/Mw and have been neglected. 

While the renormalization in the counter terms depicted in Figs. El and is as in the SM 
(see e.g. Ref. jUj), the WW{h, H} vertices are renormalized as follows. 


WWh 


WWH 


p(0),CT _ p(0) 
WWh — ^ h 


^ ~ 15M^ 5s 

1 + Zq + — ^ - \- 5Zy^ -\- 


w 


2 


Sw 


sin/? cos(3 


cos(/3 


yo) 


sin(/? 


^6Wn(3+l6Zb + l^5ZHb 

a) 2 2 


( 16 ) 


r(o>,CT _ „(o) 
WWH — ^ H 


1 I X V I ^ ^^W I e V I 

1 -|- 5 Zf, -\- — , -h 5 Z\^ -|- 


w 


2 


Sw 


5 

















Figure 2: Corrections to the WW{h,H} vertex and the corresponding counter-term dia¬ 
gram. The label / denotes all (s)fermions, except in the presence of a /', in which case the 
former denotes only the isospin-up and the latter the isospin-down members of the (s)fermion 
doublets. 



Figure 3: Corrections to the fF-boson propagator and the corresponding counter-term 
diagrams. The label / denotes all (s)fermions, except in the presence of a in which 
case the former denotes only the isospin-up and the latter the isospin-down members of the 
(s)fermion doublets. 
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Figure 4: Counter-term contributions entering via the ez/gPF vertex. 


— sin f3 cos f3 


sin(/? — a) 
cos{f3 — a) 


1 1 

6 tan (3 + -6 Zh + -^5ZhH 
2 2 

H 


(17) 


fO) CT ~ 

Analogous expressions are obtained for T^zz^ ($ = h,H). In the above expressions 6Ze 
incorporates the charge renormalization and the Ar contribution arising from Eq. m, 


SZe 



SZ, 



Sw ^7z(0) 

cw Ml 


(18) 


where denotes the transverse part of a self-energy. is the hF-mass counter term, 6Z\y 

is the corresponding field-renormalization constant, and Ssw denotes the renormalization 
constant for the weak mixing angle. The field-renormalization constants, 6Zh, ^Z^, and 
SZ^h = SZfiH are given in Eq. (ED. The counter term for tan/3 (with tan/3 —>■ tan/3(l -|- 
(5tan/3)) is derived in the MS renormalization scheme E] (using BRED). The parameter 
tan/3 in our result thus corresponds to the MS parameter, taken at the scale = m^. We 
list here all contributing counter terms except for the Higgs field renormalization which has 
already been given in Eq. ED: 


(5M^ = ReE^(M^), 

<5M| = ReEi(M|), 

Icl f5Ml 5Ml,\ (19) 

htan/3 = 5tan/3^® = . 


For 6Ze we find, taking into account only contributions from fermion and sfermion loops, 

_ 1 / f^Ml 5Ml^\ S^(0) — 

Ml,) [ Ml, 

The gauge-boson field-renormalization constants, 5Zw, 5Zz, 5Z^Z) drop out in the result for 
the complete S'-matrix element. 

In order to ensure the correct on-shell properties of the outgoing Higgs boson, which 
are necessary for the correct renormalization of the S'-matrix element, furthermore finite 
wave-function normalizations have to be incorporated, see Sect. 18.81 below. 

We have performed several checks of the described renormalization procedure. In partic¬ 
ular we have verihed that 
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• the e hh vertex counter term is finite by itself, 

• the gauge-boson field renormalizations drop out if all counter-term diagrams are added 
up, 

• the self-energy corrections together with their corresponding counter-term diagrams 
are finite, 

• the complete set of diagrams together with all counter-term diagrams yields a finite 
result. 

The individual contributions from fermions and sfermions constitute two subsets of the 
full result which are individually UV-finite. This is in contrast to the evaluation of renor¬ 
malized Higgs boson self-energies (see e.g. Ref. Hi). where a UV-finite result is obtained 
only after adding the fermion- and sfermion-loop contributions. 


3.3 The Higgs-boson propagator corrections and the effective Born 
approximation 

For the correct normalization of the F-matrix element, finite Higgs-boson propagator correc¬ 
tions have to be included such that the residues of the outgoing Higgs bosons are set to unity 
and no mixing between h and H occurs on the mass shell of the two particles. The correc¬ 
tions affecting the Higgs-boson propagators and the Higgs-boson masses are numerically very 
important. Therefore we go beyond the one-loop fermion/sfermion contribution used for the 
evaluation of the genuine one-loop diagrams and include Higgs-boson corrections also from 
other sectors of the model ra as well as the dominant two-loop contributions ^011211122] as 
incorporated in the program FeynHiggs 

For the WW{h, H} vertex, these contributions can be included as follows, yielding the 
correct normalization of the S matrix at one-loop order^: 


WWh : 
WWH : 

This gives rise to the following terms: 


Zh I rf + -z„» r), I, 


dO) 


Zh (rg' + 


( 0 ) 


WWh ■ F^^ — 

vv vv n . i WWh — ^ h 


WWH ■ F^^ — 

vv vv n . i WWH — ^ H 


1 F*'^^ 

1 1 + x \/ Zh Znh 


2p(o) 

^ h 

1 F*'^^ 

1 1 j_1*- 

H 


Zh ZhH 


( 21 ) 


( 22 ) 

(23) 


Analogous expressions are obtained for F^J)j, ($ = h, H). In the above expressions, the finite 
Higgs-mixing contributions enter. 


Znh — —2 


ReU/ir/(M, 


Ml 




( 24 ) 


^Note that our notation is slightly different from Refs. Qiin]. 











(25) 


^hH 


= -2 




Ml-ml + Rethh{Ml) ’ 


involving the renormalized self-energies S(g^), see Eq. fll Of) , which contain corrections up to 
the two-loop level. The wave-function normalization factors Z/j, Zh are related to the hnite 
residue of the Higgs-boson propagators: 


Z 


h 






q^=Ml 


Zh — - 

l + ReSW(?^) 


f (ReSfajf(g2))^ \ 

yq'^-ml+Re'Ehhiq'^) J 


q^=M% 


(26) 


(27) 


If in Eqs. (I211)-(|Z3) the renormalized self-energies were evaluated at = 0, the above 
wave-function correction would reduce to the cxefr approximation 1211121 ■ In this approxima¬ 
tion, however, the outgoing Higgs boson does not have the correct on-shell properties. 

In order to analyze the effect of those corrections that go beyond the universal Higgs 
propagator corrections, we include the Higgs propagator corrections according to Eqs. (I22|l - 
(EZI) into our Born matrix element, see Sect. El below. Concerning our numerical analysis, 
see Sect. H we either use this Born cross section (thus the difference between our tree-level 
and the one-loop cross sections indicates the effect of the new genuine loop corrections), or 
we use the aes approximation (so that the difference between the tree-level and the one-loop 
cross section directly shows the effect of our new calculation compared to the previously 
used results). 


3.4 The higher-order production cross section 

The amplitude for the process —>• z/gt'e {h, H} is denoted as 

= t = 0,l), (28) 

where i = 0 denotes the lowest-order contribution and i = 1 the one-loop correction. 

The tree-level amplitude involves the hEiy-fusion channel (left diagram of Fig. Q) and 
the Higgs-strahlung process (right diagram of Fig. Q) where the virtual Z boson is connected 
to two electron neutrinos. As explained above, we include the Higgs propagator corrections 
into our lowest-order matrix element. We use 


M 


( 0 ) ^ 

$,e 


M 


tree 


WF 


+ -^$,e 


(29) 


where is the contribution of the two tree-level diagrams, parametrized with a = cxtree, 

Eq. ((7j), and denotes the wave-function normalization contributions given in Eqs. ()22|1 - 

(|27|l (and analogously for the ZZ{h,H} vertices). 

At one-loop order (f = 1), the diagrams shown in Figs. |2t0 contribute (and correspond¬ 
ing diagrams for the Higgs-strahlung process), involving fermion and sfermion loops. The 
counter-term contributions given in Eqs. (Uni), (ED enter via the WW{h, H} vertices (and 
analogously for the ZZ{h,H} vertices), while the other counter-term contributions have the 
same form as in the SM. 
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In order to evaluate the cross section that is actually observed in the detector, 

{h,H + missing energy), we furthermore take into account the amplitude of the Higgs- 
strahlung process where the Z boson is connected to PfVf (/ = /x, r), 

= MtJ + M^J, ($ = h, hT; X = 0,1; / = /x, r). (30) 

Of course there is no interference between the for different flavors. 

For all flavors, on the other hand, the Z-boson propagator connected to the two outgoing 
neutrinos can become resonant when integrating over the full phase-space, and therefore 
a width has to be included in that propagator. We have incorporated this by using the 
running width in the Z-boson propagators, r 2 (s) = (s/M|) F^’’, where F^^ = 2.4952 GeV, 
and dropping the imaginary parts of the light-fermion contributions to the Z-boson self¬ 
energies. 

The cross-section formulas for h production thus become 

f=e,^i,T 

E (lM“}P + 2Re[(V(l“FM!}]) 

The formulas for H production are analogous, except that we have also included the square 
of the one-loop amplitude. This is because the decoupling behavior of the WWH coupling 
can make the tree-level cross section very small so that the square of the one-loop amplitude 
becomes of comparable size: 


(31) 

(32) 


ffjcx E (33) 

/=e.M,T 

^ • (34) 

In this way, at 0(a‘^) only contributions (MZYM'Sf are neglected, which are expected 
to be very small. 


4 Numerical evaluation 

For the numerical evaluation we followed the procedure outlined in Ref. |2Sj: The Feyn¬ 
man diagrams for the contributions mentioned above were generated using the FeynArts jSj 
package. The only necessary addition was the implementation of the counter terms for the 
VV{h,H} (V = W, Z) vertices, Eqs. (pT)|l - (fTT?|l . into the existing MSSM model hie |2n]- The 
resulting amplitudes were algebraically simplihed using FormCalc j3] and then automati¬ 
cally converted to a Fortran program. The LoopTools package OEl was used to evaluate 
the one-loop scalar and tensor integrals. The numerical results presented in the following 
subsections were obtained with this Fortran program.^ 

While we have obtained results both for the total cross sections and differential distribu¬ 
tions, in the numerical examples below we will focus on total cross sections only. 

^The code will be made available at www.hep-processes.de. 
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To cross-check our tree-level result and the kinematics, we successfully reproduced the 
hgures of Ref. mini and furthermore performed a detailed comparison with the authors 
of jini, who computed e+e” —> using an effective Born approximation. We found 

full agreement within the numerical uncertainties. We also compared our SM tree-level 
and one-loop results with Ref. [2H] and found perfect agreement. In addition, we checked 
the phase-space integration by comparing the results of three different integration methods 
(VEGAS DCUHRE [201 , and a stacked Gaussian integration). 

For our results given below, the following numerical values of the SM parameters are 
used (all other quark and lepton masses are negligible): 


Gf = 1.16639 X 10-^ mr = 1777 MeV, 

Mw = 80.450 GeV, mt = 174.3 GeV, 

Mz = 91.1875 GeV, mt = 4.25 GeV, 

Tz = 2.4952 GeV, rric = 1.5 GeV. 


(35) 


In order to £x our notation for the SUSY parameters, we give here the mass matrix 
relating the ii and iji states to the mass eigenstates (analogously for b, f, and £^) 



(36) 


where the read Xt = At — n/ tan/3, X^^r = A^^t — tan/3. Here At^^r denote the 

trilinear Higgs-t, b, f couplings, and /i is the supersymmetric Higgs mass parameter. The 
mass matrices for the hrst two generations of sfermions are dehned analogously. For our 
numerical evaluation we have chosen for simplicity a common soft SUSY-breaking parameter 
in the diagonal entries of the sfermion mass matrices, Msusy, and the same trilinear couplings 
for all generations. Our analytical result, however, holds for general values of the parameters 
in the sfermion sector. 

The further SUSY parameters entering our result via the Higgs boson propagator cor¬ 
rections are the SU(2) gaugino mass parameter, M 2 , (the U(l) gaugino mass parameter is 
obtained via the GUT relation. Mi = (5/3) M 2 ), and the gluino mass, rrig. 

For our numerical analyses we assume all soft SUSY-breaking parameters to be real. Our 
analytical result, however, holds also for complex parameters entering the loop corrections 
to e^e“ ^ ui/{h,H}. 

4.1 SM Higgs-boson production 

For comparison purposes, we start our analysis with the fermion-loop corrections to the 
process uuHsm in the SM. 

Fig. El shows the tree-level and one-loop-corrected production cross section for an SM 
Higgs-boson mass of = 115 GeV. The absolute values are shown in the upper plot. 

The sharp rise in the cross section for y/s > 200 GeV is due to the threshold for on-shell 
production of the Z boson in the Higgs-strahlung contribution, see the right diagram of 
Fig. in Above the threshold the 1/s behavior of the Higgs-strahlung contribution competes 
with the logarithmically rising 3-channel contribution from WW fusion. 

The lower plot shows the relative correction coming from all fermions, as well as the 
correction from the third-generation fermions only. The correction from all fermions ranges 
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V^/GeV 


Figure 5: The tree-level and the one-loop cross sections for e’''e“ — uuHsm in the SM, 
shown as a function of ^/s for = US GeV. The upper plot shows 

the absolute values, the lower plot shows the relative corrections for all fermions and for the 
third-generation fermions only. 


from about +5% at low ^/s to —1.2% at high -y/i. Restricting to the contribution of third- 
generation fermions only, we obtain corrections in the range from -|-1.3% to —1.8%. These 
corrections (both from the third family only as well as from the hrst two generations) are at 
the level of the expected sensitivity for the hFlF-fusion channel at the LC. For a LC running 
in its high-energy mode with ^/s ~ 800 GeV in particular a measurement of the total cross 
section with an accuracy of better than 2% seems to be feasible jHl- 

In Fig. ini the SM production cross section is shown as a function of for a/s = 

800,1000 GeV. An SM Higgs boson possesses a relatively large production cross section, 
0(10 fb), depending on the available energy, even for > 500 GeV. Thus it should 

easily be detectable at a high-luminosity LG. 
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Figure 6: The tree-level and the one-loop cross sections for e+e —in the SM, cr^g^ 
and cr)^g^, are shown as a function of for a/s = 800,1000 GeV. 


4.2 Light CP-even Higgs-boson production 


Since the mass of the lightest CP-even Higgs boson in the MSSM is bounded from above by 
Mh < 135 GeV its detection at the LG is guaranteed [221 • order to exploit the 

precision measurements possible at the LG, a precise prediction at the percent level of its 
production cross section (and its decay rates) is necessary. 

In the following we analyze the h production cross section. To begin with, we focus on 
the four benchmark scenarios defined in Ref. [S] (proposed for MSSM Higgs-boson searches 
at hadron colliders and beyond). Ma and tan/3 are kept as free parameters. The four 
benchmark scenarios are (more details can be found in Ref. |S]) 


• the scenario, which yields a maximum value of Mh for 

rrit = 174.3 GeV, Msusy = 1 TeV, fi = 200 GeV, 
Xt = 2 Msusy, 'mg = 0.8 Msusy , 

• the no-mixing scenario, with no mixing in the t sector, 

TTif = 174.3 GeV, -Msusy ~ 2 TeV, /i = 200 GeV, 

Xt = 0, Ar = Ab = At, Trig = 0.8 Msusy , 


given Ma and tan /3, 


Ms = 200 GeV, 


(37) 


Ms = 200 GeV, , , 
(38) 


• the “gluophobic-Higgs” scenario, with a suppressed ggh coupling, 

rrit = 174.3 GeV, Msusy = 350 GeV, /x = 300 GeV, Ms = 300 GeV, 
Xt = —750 GeV, A^- = A^ = At, rrig = 500 GeV, 


• the “small-aeff” scenario, with possibly reduced decay rates for h ^ bb and h —>• r+r , 


Tfit — 174.3 GeV, -Msusy — 800 GeV, /x — 2.5 ALsusy, XI 2 — 500 GeV, 
Xt = —1100 GeV, Ar = Ab = At, rrig = 500 GeV. 


( 40 ) 
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As explained above, for the sake of simplicity, Msusy is chosen as a common soft SUSY- 
breaking parameter for all three generations. 

Fig. [7|shows in the fonr benchmark scenarios the h production cross section, a^, Eq. (IH^ . 
as well as the relative size of the loop corrections. 



crt 


(Tl 


(Tu 


(41) 


(which is nearly always negative), including the contributions from all generations as well as 
from the third generation only. The results are shown in the M^-tan (3 plane for 100 GeV < 
Ma < 400 GeV and 2 < tan/3 < 50. For larger Ma values the behavior of the lightest 
CP-even MSSM Higgs boson is very SM-like, i.e. the results hardly vary with Ma any more. 

For very low values of Ma, Ma < 150 GeV, the cross section is relatively small. This is 
due to the fact that the WWh coupling at tree level, being ~ sin(/3 — a), can become very 
small. In this region of parameter space, however, the heavy CP-even Higgs boson is still 
very light and couples to the gauge bosons with approximately SM strength, the tree-level 
coupling of WWH being ~ cos(/3 — a) ~ 1. 

For the interpretation of the middle and right column of Fig. [7|it is important to keep in 
mind that we have absorbed the universal Higgs propagator corrections, which are numer¬ 
ically very important, into our tree-level cross section. Thus, the relative corrections, R\, 
shown in Fig. [3 display the effects of the other genuine one-loop corrections only. We hrst 
compare the corrections in the two cases where the Higgs propagator corrections are imple¬ 
mented according to Eqs. 0, (EH), which ensures the correct on-shell properties of the out¬ 
going Higgs boson (second column), and where an Ues approximation is used (third column), 
which is often done in the literature. In the aeg approximation, the leading contribution of 
the process-independent corrections entering via the Higgs-boson propagators is included by 
replacing the tree-level coupling of {h, H}WW = {sin,cos}(/3 — a) by {sin,cos}(/3 — Oeg). 
The difference between the full on-shell prescription and the aes approximation turns out 
to be sizable. It amounts to several percent even for relatively large values of Ma- As a 
consequence, including the Higgs propagator corrections in an Oeg approximation will not 
be sufficient in view of prospective precision measurements of the vvh cross section. 

The results in the second column of Fig. 0 show that the size of the corrections from 
fermion and sfermion loops is somewhat different in the four scenarios. While corrections 
of more than 5% only occur for Ma ^ 130 GeV, we obtain corrections of 2-5% in the 
whole parameter space of the no-mixing scenario. Gorrections of 1-2% can be found in large 
parts of the parameter space of the and the small-aeg scenario. The situation in the 

four benchmark scenarios, which have been chosen to represent different aspects of MSSM 
phenomenology, shows that the corrections investigated here are typically of the order of 
about 1-5%. A measurement of the —>■ uu h cross section at the percent level will thus 
be sensitive to this kind of corrections. 

In the right column of Fig. 0 we show R\ derived including the contributions from the 
third family of fermions and sfermions only. Thus the differences between the second and 
the fourth column reflect the relevance of the loop corrections coming from the hrst two 
families. While in the and the no-mixing scenario differences can mostly be found for 
small Ma, Ma ^ 150 GeV, in the other two scenarios the effect of the hrst two families can 
be relevant also for larger Ma- Within the gluophobic-Higgs scenario, the hrst two families 
play a role for small tan/3 and large Ma- In the small-aeg scenario diherences can be found 
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Figure 7: Results for the cross section for e’''e“ uuh at one-loop order, (left column), 
the relative corrections including all three fermion and sfermion generations (two middle 
columns), and the relative corrections including only the third generation (right column) are 
shown in the M^-tan (3 plane for four benchmark scenarios at i/i = 1 TeV. The universal 
Higgs propagator corrections have been absorbed into the tree-level cross section and thus do 
not appear in the relative corrections. In the second and fourth column the Higgs propagator 
corrections are implemented according to Eqs. dSOI), (jSH), while in the third column the cteff 
approximation is used. In the results for (left column) the black region corresponds to 
a\ < 50 fb, the dark-shaded region to 50 fb < cx^ < 100 fb, the light-shaded region to 
100 ih < < 150 fb, and the white region to > 150 fb. For the relative corrections 

(second to fourth column) the black region corresponds to R\ > 5%, the dark-shaded region 
to 2% < R\ < 5%, the light-shaded region to 1% < Rl < 2%, and the white region 
corresponds to R\ < 1% (see text). 
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for larger tan (3 over the whole Ma range. In the latter two scenarios, the corrections coming 
from the first and second family lead to a partial compensation of the corrections from the 
third family. The light fermion generations can give rise to a contribntion of ~ 1%, which is 
non-negligible for cross section measnrements at the percent level. 

The Higgs propagator corrections, which we have absorbed into onr tree-level cross sec¬ 
tion, mainly affect the nnmerical valne of M/^, which enters the hnal-state kinematics, while 
the nnmerical effect of the corrections to the WWh conpling is less important. The compar¬ 
ison between the prediction for uu h m the MSSM and the corresponding process in 

the SM for the same valne of the Higgs boson mass (which is not shown here) yields devia¬ 
tions of more than 5% for Ma < 200 GeV, which to a large extent are dne to the snppressed 
WWh conpling in the MSSM case. Deviations of more than 1% are fonnd in all scenarios 
up to rather large values of Ma- 

Fig. IHl shows our results for e+e —> i/z/ h in the four benchmark scenarios as a function 
of \/s for Ma = 500 GeV and tan (3 = 3,40. Note that the difference in the cross sections for 
the four benchmark scenarios for given Ma and tan (3 is entirely due to SUSY loop corrections 
(which, as explained above, affect in particular the value of M^). 

The numerically important effects of the Higgs propagator corrections become apparent 
in particular from Fig. 13 where the tree-level and the one-loop cross sections are shown as 
a function of Xt, i.e. the mixing in the scalar top sector. The plots are given for the four 
combinations of Ma = 150,500 GeV and tan/3 = 3,40, and the other parameters (besides 
Xt) are chosen as in the scenario. The variation of the tree-level cross sections indicates 
the effect of the Higgs propagator corrections affecting both the value of Mh and the Higgs 
coupling to gauge bosons. These corrections can change the cross section by up to ~ 25%, 
while the other loop corrections typically stay below 2.5%. 

Finally, in Fig. ITTH we analyze the relative importance of the purely sfermionic loop cor¬ 
rections (corresponding to the Feynman diagrams with sfermion loops in Figs. |2H11 as before, 
the Higgs propagator corrections absorbed into the tree-level result contain both fermion- 
and sfermion-loop contributions). These corrections constitute, as explained earlier, a UV- 
hnite and gauge-invariant subset of the loop contributions. The relative size of the sfermion 
corrections as compared to the purely fermionic one-loop corrections is shown in Fig. ITIll 
The upper row shows the relative size as a function of Xt in the scenario for all com¬ 

binations of Ma = 150, 500 GeV and tan (3 = 3, 40. While for Xt ~ 0, i.e. for small splitting 
in the scalar top sector, the sfermionic corrections are small, their contribution becomes 
more important for increasing |Xt|. They have the opposite sign of the purely fermionic 
corrections and thus partially compensate their effects. For \Xt/MsvsY\ ~ 2 the sfermionic 
corrections are about half as large as the fermion corrections. For very large \Xt\ (which also 
lowers Mh substantially) they can become even bigger than the fermionic ones. 

In the lower part of Fig. El (middle and lower row) we analyze the relative size of the 
purely sfermionic corrections in the (middle) and the no-mixing scenario (lower row) 

as a function of Msusy- In the no-mixing scenario, for increasing Msusy fhe relative size of 
the sfermion corrections becomes smaller, as can be expected in the decoupling limit m- 
In the scenario, however, the situation is different. Here Xt ~ At is fixed to At ^ Xt = 
2 Msusy- In the htit 2 vertex, being ~ At cos a -|- /isina , the coupling is proportional to 
the SUSY mass scale. This results in a term ~ At/M susy in the one-loop corrected WWh 
vertex, which for large Msusy goes to a constant and can be of the order of the purely 
fermionic correction. The cross section then behaves as ~ X|/M|ugY as can be seen in the 
upper row of Fig. [TUI 
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v^/GeV 


Figure 8: The tree-level and the one-loop cross sections for > vvh, <7° and a^, 

are shown as a function of a/s in the four benchmark scenarios for Ma = 500 GeV and 
tan /3 = 3,40. 


4.3 Heavy CP-even Higgs-boson production 

We now investigate the effects of loop corrections on the cross section for heavy CP-even 
Higgs-boson production in the MSSM. As explained above, these corrections are of particular 
interest in the decoupling region, i.e. for large values of Ma- If Ma ^ •\/s/2, the heavy Higgs 
bosons can be pair-produced at the LC via > Z* —^ HA. Beyond this kinematical 

limit, H production is in principle possible via the WW-fusion and the Higgs-strahlung 
channels. This production mechanism is heavily suppressed at tree-level, however, owing to 
the decoupling property of the H coupling to gauge bosons. If loop-induced contributions 
turn out to be sizable in the mass range Mh > y/s/‘2-, an enhanced reach of the LC for 
H production could result. 

In Fig. [TT]we first compare the tree-level cross section evaluated in the Oefr approximation. 
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Figure 9: The tree-level and the one-loop cross sections for e+e“ —> Vvh, ct° and cr^, 
are shown as a function of X*. In the upper (lower) plot Ma has been set to Ma = 150 
(500) GeV, tan/3 is fixed at tan/3 = 3,40. The other parameters are as given in Eq. 


(left column), and the one-loop cross section according to Eq. (I34|l . a]j (middle 
column), in the four benchmark scenarios. For phenomenological analyses of MSSM Higgs- 
boson production in this channel the cross section has so far mostly been evaluated using an 
Oeff Born approximation (see also Sect. I4.2jl . 

We concentrate on the case of y/s = 1 TeV. Since we are interested in Mh ~ Ma > 
yfs/2 = 500 GeV, we focus on the region 400 GeV < Ma < 900 GeV, and scan over 
the whole tan/3 region. For a LG like TESLA, the anticipated integrated luminosity is of 
0{2ab~^). For this luminosity, a production cross section of about an = 0.01 fb constitutes 
a lower limit for the observation of the heavy CP-even Higgs boson. (For the scenarios 
discussed below, the dominant decay channel of H is the decay into ti or bb, depending 
on the value of tan/3, and also sizable branching ratios into SUSY particles are possible in 
some regions of parameter space; a more detailed simulation of this process should of course 
take into account the impact of the decay characteristics on the lower limit of observability, 
while in this work we use the approximation of a universal limit.) This area is shown in 
white in Fig. In fhe four benchmark scenarios shown in Fig. fhe inclusion of the loop 
corrections that go beyond the ttes Born approximation turns out to have only a moderate 
effect on the area in the M^-tan /3 plane in which H production could be observable. While 
for the and the no-mixing scenario the area is slightly decreased to smaller tan /3 values 
and somewhat enlarged to higher Ma values, the area is slightly decreased in tan /3 in the 
gluophobic-Higgs scenario (and stays approximately the same in Ma), while the area is 
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Ma = 150 GeV 


Ma = 500 GeV 




Figure 10: The relative size of the purely sfermionic loop corrections to a\ as compared to 
the purely fermionic one-loop corrections is shown as a function of Xt (upper) and Msusy 
( middle and lower row) for all combinations of Ma = 150,500 GeV and tan/? = 3,40. The 
other parameters are chosen as in the (upper and middle) or as in the no-mixing 

scenario (lower row). 
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Figure 11; The tree-level cross section for e'''e“ — uuH, a'jji^aes), using an ctefr approx¬ 
imation (left), and the one-loop cross sections, ajj, without (middle), and with beam po¬ 
larization (right column), are shown in the M^-tan/? plane for four benchmark scenarios 
for ^/s = 1 TeV. The different shadings correspond to: white: a < 0.01 fb, light shaded: 
0.01 fb < (j < 0.02 fb, dark shaded: 0.02 fb < a < 0.05 fb, black: a > 0.05 fb. 
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slightly enlarged both in Ma and tan/3 in the small-tteff scenario. For the four benchmark 
scenarios, an observation with Mh > 500 GeV is only possible for low tan /3, tan 13 where 
the LC reach in Mh can be extended by up to 100 GeV. It should be noted at this point 
that while the area of observability is modihed only slightly in the plots as a consequence of 
including the loop corrections, the relative changes between the tree-level and the one-loop 
values of the cross sections can be very large, owing to the suppressed WWH coupling in 
the tree-level cross section. 

The prospects for observing a heavy Higgs boson beyond the kinematical limit of the 
HA pair production channel become more favorable, however, if polarized beams are used. 
The cross section becomes enhanced for left-handedly polarized electrons and right-handedly 
polarized positrons. While a 100% polarization results in a cross section that is enhanced 
roughly by a factor of 4, more realistic values of 80% polarization for electrons and 60% 
polarization for positrons (SH] would yield roughly an enhancement by a factor of 3. The 
right column of Fig. ITTI shows the four benchmark scenarios with 100% polarization of both 
beams. The area in the M^-tan (3 plane in which observation of the H boson might become 
possible is strongly increased in this case. In the and the no-mixing scenario, H 

observation could be possible for small tan (3 up to Ma < 700 GeV. In the gluophobic-Higgs 
and the small-aefr scenario this effect is somewhat smaller. In the latter scenario the discovery 
of a heavy Higgs boson in the parameter region Ma > 500 GeV will become possible also 
for large tan/3, tan/3 > 35. 

While without the inclusion of beam polarization we do not hnd a signihcant enhancement 
of the LG discovery reach as a consequence of the loop corrections in the four benchmark 
scenarios analyzed in Fig. this behavior changes in other regions of the MSSM parameter 
space. As a particular example, we investigate the Af^-tan (3 plane in the (“enhanced 

cross section”) scenario, which is dehned by 

MsusY = 350 GeV, /i = 1000 GeV, (42) 

with the other parameters as in the scenario, Eq. (EZD- The a^H^ scenario is charac¬ 
terized by a relatively small value of Msusy and a relatively large value of /i. Large tan/3 
values, tan/3 > 30, can result in low and experimentally ruled-out b masses and are therefore 
omitted. 

In the upper row of Fig. [T21we compare cT^(aeff), and cr)^ for the parameters of the 
scenario, Eq. (14211 . in the unpolarized case. The hgure shows that both the inclusion of 
the hnite Higgs propagator wave-function corrections as compared to the Oefr approximation 
(left vs. middle column) and of the genuine one-loop corrections (right vs. left column) is 
very important in this scenario. According to the cteff Born approximation, the parameter 
area in which observation of H is possible would not be signihcantly larger than in the 
benchmark scenarios discussed in Fig. EJ For Ma ^ 500 GeV, observation of the H boson 
is only possible for either rather small, tan /3 < 5, or rather large, tan (3 > 28, values of tan /3. 
Inclusion of the hnite Higgs propagator wave-function corrections, which ensure the correct 
on-shell properties of the outgoing Higgs boson, changes the situation considerably. While 
for small and large values of tan/3 the additional corrections suppress the e’''e“ VvH 
cross section, restricting the H observability to values of Ma below 500 GeV, observation 
of the heavy CP-even Higgs boson of the MSSM becomes possible for Ma ^ 550 GeV 
for a signihcant range of intermediate values of tan/3. Including also the genuine one-loop 
corrections (right column) leads to a further drastic enhancement of the parameter space in 
which the H boson could be observed. The observation of the H boson will be possible in 
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Figure 12: The cross sections for e^e“ —>■ 9u H are shown in the MA^tanl^ plane for the 
scenario, Eq. (j42j) . The tree-level cross section (left) including the finite wave-function 
corrections is compared to the cteff approximation (middle) and the one-loop corrected cross 
section (right column). The upper (lower) row shows the production cross section for unpo¬ 
larized (100% polarized) electron and positron beams. The color coding is as in Fig. 


this scenario for all values of tan (3 if Ma ^ 600 GeV, i.e. the discovery reach of the LC in 
this case is enhanced by about 100 GeV compared to the HA pair production channel. 

The prospects in this scenario for observation of the heavy CP-even Higgs boson of the 
MSSM become even more favorable if polarized beams are used. The lower row of Fig. IT^ 
shows the situation with 100% polarization of both beams for the scenario, Eq. 

While in this case the tree-level result (both for the case including the finite wave-function 
corrections and for the cceff approximation) gives rise to observable rates for Ma < 600 GeV 
for a certain range of tan/3 values only, the further genuine loop corrections enhance the 
cross section significantly. In this situation the observation of the heavy CP-even Higgs 
boson might be possible for values of Ma up to about 700-750 GeV for all tan/3 values, 
corresponding to an enhancement of the LG reach by more than 200 GeV. Gross-section 
values in excess of 0.05 fb are obtained in this example for all tan (3 values for Ma ^ 600 GeV. 

In order to investigate whether this result is a consequence of a very special choice of 
SUSY parameters or a more general feature, in Fig. ^Jwe choose the parameters of the 
scenario for a fixed combination of Ma and tan (3, Ma = 600 GeV, tan /3 = 4, but scan over 
/i and Msusy- The choice Mh ~ Ma = 600 GeV implies that the HA production channel is 
clearly beyond the reach of a 1-TeV LG. The upper row of Fig. IT!?I shows that according to the 
tree-level cross section (using the approximation) an observable rate for a heavy CP-even 
Higgs boson with Ma = 600 GeV cannot be found for any of the scanned values of fi and 
Msvsy- Inclusion of the further loop corrections changes this situation significantly and gives 
rise to observable rates in this example for nearly all Msusy ^ 500 GeV if /i > 500 GeV. 
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Figure 13: The tree-level cross section for e+e“ —> uu H, a^{aes), using an ccefr approxima¬ 
tion (left), and the one-loop cross section, a]j (right column), is shown in the /i-Msusy plane 
for the parameters of Eq. (EZI) and Ma = 600 GeV and tan /? = 4. The upper row shows the 
unpolarized case, while in the lower row the effects of beam polarization are included. The 
color coding is as in Fig. [TTJ 


The visible “structure” at Mgusv ~ 500 GeV is the result of several competing effects that 
affect the hnite Higgs wave-function corrections. 

The same analysis, but with 100% polarization of both beams, is shown in the lower 
row of Fig. Uni The tree-level aes approximation results in an observable rate in nearly the 
whole plane apart from the area with /i > 1000 GeV and Msusy ^ 350 GeV. Adding the 
loop corrections again improves the situation. No unobservable holes remain in the /x-Msusy 
plane, i.e. the heavy CP-even Higgs boson with Mjj ^ 600 GeV should be visible at a 1- 
TeV LG with (idealized) beam polarization in this scenario. The production cross section is 
larger than 0.02 fb for all /i and Mgusv ^ 500 GeV and mostly even larger than 0.05 fb for 
/i > 500 GeV. 

In Fig. E]we compare for all hve scenarios analyzed in this paper the results for the cross 
section when different parts of the generic one-loop corrections are taken into account. In all 
cases the full result for the Higgs propagator corrections being absorbed in the lowest-order 
cross section are employed. The left column shows the result containing the corrections from 
all fermion and sfermion loops, cx)^, which is repeated from previous plots for comparison 
purposes. The middle column shows the cross-section prediction based on taking into account 
only the corrections from the third-generation fermions and sfermions, which have turned 
out to be the leading corrections for the light Higgs-boson production. The result shown in 
the right column have been obtained by including only the purely sfermionic contributions 
from all generations, i.e. the fermion-loop corrections are omitted in this case. As expected 
from Fig. in the four scenarios dehned in Eqs. (IH7l) - (l4()j) . where the loop corrections 

turned out to modify the parameter regions in which H observation becomes possible only 
slightly, omitting the contributions of the hrst two generations of fermions and sfermions 
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Figure 14: is shown in the M^~tan/3 plane for the four benchmark scenarios dehned 

in Eqs. (jszii-ini) and the scenario for ^/s = 1 TeV in the unpolarized case. The one- 
loop result containing the corrections from all fermion and sfermion loops (left) is compared 
with the result from only third-generation fermions and sfermions (middle) and the purely 
sfermionic corrections from all families (right column). The color coding is as in Fig. 1111 
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and of the fermion loops of all three generations does not lead to a qnalitative change in the 
H discovery reach. In the scenario, on the other hand, the gennine one-loop corrections 
had a considerable impact on the area in the M^-tan/3 plane in which H observation is 
possible, see Fig. The result displayed in the middle column for this scenario shows that 
the bulk of the corrections comes from the third generation of fermions and sfermions, i.e. 
omission of the hrst two generations does not lead to signihcant effects in the M^-tan/? 
plane. The result in the right column for this scenario shows furthermore that the omission 
of all fermion-loop corrections leads only to very moderate changes of the parameter regions 
where H observation is possible. As a consequence, the by far dominant corrections in this 
scenario can be identified as the ones from the sfermions of the third generation. This is 
contrary to the h production, where we found that the fermionic corrections are mostly larger 
than the sfermionic ones. 

4.4 Comparison with existing results 

We have calculated the corrections to the production of both CP-even Higgs bosons of the 
MSSM, h and FT, via the process e’''e“ —>■ vv{h,H}. The results for the h production can 
be compared with the existing result from Ref. UDI. 

Our calculation differs from the one in Ref. UDI in several respects. Our renormalization 
differs from the one used in Ref. UDI for the Higgs-boson held-renormalization constants 
and for tan (3. Concerning the field-renormalization constants, we incorporate a hnite wave- 
function correction that ensures the correct on-shell properties of the outgoing Higgs boson, 
while in Ref. CDI the Higgs propagator corrections have been taken into account in an aes 
approximation only. Concerning tan/3, we use the MS dehnition that in general leads to 
a better numerical stability |15llHH] . While in Ref. the contributions from the Higgs- 
strahlung diagrams have been taken into account in lowest order only, we have incorporated 
also the loop corrections for this class of diagrams in the same way as for the WW-fusion 
diagrams. Furthermore we have evaluated the corrections from the fermion and sfermion 
loops of all generations, while in Ref. uni only the third generation has been taken into 
account. In Sect. 14.21 it has been shown that relevant corrections can also arise from the first 
two generations. 

We have performed a numerical comparison with the results given in Refs. UnilHZ! for 
the SM and light CP-even Higgs production in the MSSM, restricting our results to the 
contributions of the third generation only. 

• Our tree-level results show a rather pronounced threshold peak for small values of ^/s, 
where on-shell production of both the Higgs and the Z boson becomes possible. In 
this region our results largely differ from those of Ref. UDI, while we hnd very good 
agreement with the results of Ref. [2H1- For large values of ^/s, i.e. far above the 
threshold, our tree-level results roughly agree with the ones of Ref. UD|. 

• For the loop corrections in the SM case we hnd signihcant deviations with the results 
of Ref. POj over the whole parameter space. While the authors of Ref. (TU] hnd large 
corrections of up to —15%, the corrections in our result for the SM cross section turn 
out to be moderate and do not exceed ±2% (see Figs. EHni)- The size of the corrections 
that we hnd agrees quantitatively with the estimate of the leading term in the heavy- 
top expansion |2H]- As a further cross-check of our results, we compared the SM 
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result at the tree and at the one-loop level (for the third generation only and for all 
generations) with the one of Ref. [2H1 and found perfect agreement. 

• The same qualitative difference compared to the results of Ref. ng that we hnd for 
the fermion-loop corrections in the SM also occurs for the h production cross section 
in the MSSM. Again, the fermion-loop corrections in our result turn out to be much 
smaller than the ones in Ref. ra Related to this fact, the relative importance of the 
corrections from fermion and sfermion loops is different in our result. While in Ref. ra 
the relative size of the purely sfermionic corrections does not exceed -t-11% of the full 
correction, we hnd that the sfermionic corrections can become as large as the purely 
fermionic ones for large mixing in the scalar top sector. 

• In addition to the above-mentioned large deviations, which cannot arise from the use 
of slightly different renormalization schemes and of different approximations, there are 
further differences related to the fact that we have implemented the Higgs propaga¬ 
tor corrections according to Eqs. dSni), (ED, while in Ref. ng an ttefT approximation 
has been used. As shown in Fig. [71 the aes approximation differs from the full on- 
shell result by several percent and is therefore not sufficiently accurate in view of the 
prospective precision reachable at a LC in this channel. 


5 Conclusions 

We have investigated the production of the CP-even MSSM Higgs-bosons at a future Linear 
Collider in the process e^e“ ^ uu{h,H}. This process is mediated via the WW-fusion 
mechanism, which dominates at higher energies, and via the Higgs-strahlung process, which 
is important at low energies. We have evaluated all one-loop contributions from fermions and 
sfermions, and we have furthermore implemented the numerically large process-independent 
Higgs-boson propagator corrections in such a way that the correct on-shell properties of the 
outgoing Higgs bosons are ensured. 

At a high-energy Linear Collider, the process e^e“ Vvh will be the production mode 
with the highest cross section. For the genuine loop corrections beyond those arising from 
Higgs propagator contributions, we have found corrections of about 1-5%. These corrections 
will be relevant in view of the anticipated precision of the cross-section measurement at the 
LC. The same is true for the deviations between the result containing the full Higgs-boson 
propagator corrections and the result based on the approximation. 

We have also evaluated the correction for the corresponding SM Higgs-production process 
and found for Mh^m = US GeV corrections in the range of -|-5% for small ^/s, ^/s ~ 
250 GeV, to —1.2% for large a/s. 

Restricting our result to the contributions from third-generation fermions and sfermions 
only (and disregarding the correction arising from replacing the aes approximation by the full 
Higgs-boson propagator corrections in the MSSM case), we have compared our results for the 
SM case and for light CP-even Higgs-boson production in the MSSM with the corresponding 
results given in Ref. ng, We hnd signihcant deviations both in the overall size of the 
radiative corrections, which we hnd to be considerably smaller, and in the relative importance 
of fermion- and sfermion-loop contributions. 

Concerning the production of the heavy CP-even Higgs boson, we hnd that in a set of 
benchmark scenarios proposed for Higgs-boson searches at future colliders, the genuine loop 
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corrections beyond those arising from Higgs propagator contributions only slightly enhance 
the discovery reach of the Linear Collider. In the case of polarized electron and positron 
beams, however, the Linear Collider reach can be significantly extended beyond the kine- 
matical limit of the HA pair-production channel. In more favorable regions of the MSSM 
parameter space, the genuine loop corrections can drastically enlarge the parameter space 
for which detection of the heavy CP-even Higgs boson becomes possible. In such a sce¬ 
nario, assuming polarized beams, at ^/s = 1 TeV the detection of H could be possible up to 
Mh ~ 750 GeV. 
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